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Chapter 9

A Partially Coupled Ocean—Atmosphere
Model for Retrieval of Water-Leaving
Radiance from SeaWiF§S in Coastal Waters

RICHARD P. STUMPF
NOAA Center for Coastal Monitoring and Assessment
Silver Spring, Maryland

ROBERT A. ARNONE, RICHARD W. GOULD, JR.,
AND PAUL M. MARTINOLICH
Naval Research Lab
Stennis, Mississippi

VARIS RANSIBRAHMANAKUL
SPS Technologies
Silver Spring, Maryland

ABSTRACT

The global atmospheric correction algorithm for SeaWiFS tends to over correct for the atmosphere in coastal
waters because of water-leaving radiance (Ly ) in the NIR part of the spectrum, A,. This Ly (\,) phenomenon
occurs particularly in water with high inorganic particulate levels. An iterative solution is used to solve this
problem. A bio-optical model is used to determine the NIR backscatter from the backscatter at 670 nm, and
specifically addresses inorganic particulates. This solution requires compensation for absorption by chlorophyll,
detrital pigments, and gelbstoff (colored dissolved organic matter). The Ly (A) is found and removed from
the total radiance so that the standard atmospheric models can be applied. Chlorophyll a concentrations, C,,
in coastal and Case-2 waters are reduced to appropriate levels. The algorithm cannot yet correct areas where

negative Ly, occurs at 670 nm.

9.1 INTRODUCTION

The use of satellites to monitor the color of the ocean
requires effective removal of the atmospheric signal. The
methods for treating the atmosphere have depended on the
high absorption of red and NIR light by water. In open
ocean water where only C, and related pigments deter-
mine the optical properties, water can be considered to
absorb all light, so that the signal observed by the satellite
should result entirely from the atmospheric path radiance.
While the scattering due to Rayleigh, and absorption due
to ozone and other gases can be treated through compu-
tation with appropriate lookup tables to address seasonal
and latitudinal effects (Gordon et al. 1983 and Gordon and
Wang 1994), the aerosol optical depth must be computed
for each pixel.

The aerosol correction has required determination of
two major factors:

1) The amount of aerosol, characterized by the optical
depth; and

2) The type of aerosol, which determines the size dis-
tribution and apparent color, and is characterized
by either the Angstrém exponent, or e.

The atmospheric correction for the Coastal Zone Color
Scanner (CZCS) used a band at 665nm (CZCS band 4)
to provide a correction for the aerosol optical depth (Gor-
don et al. 1983), with additional assumptions about the
spectra for water with negligible C, (Gordon and Clark
1981), and calculates the € value for each scene (but not
each pixel). The 665 nm band is positioned where the ab-
sorption of water becomes significant (Table 9), thus, the
entire radiance in the CZCS correction is presumed to orig-
inate in the atmosphere.

It was recognized immediately that water with a de-
tectable scattering component, in particular inorganic sed-
iment, had detectable radiance at this wavelength. Smith
and Wilson (1981) proposed an iterative solution based on
assumptions of the spectral relationship between 443, 550,
and 670 nm. Later, Mueller (1984) proposed another so-
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lution using C, to estimate the radiance at 670nm. In
both solutions, the estimated water-leaving radiance (Lyy )
at 670nm is removed from the signal, then the normal-
ized water-leaving radiances, Ly, are recalculated and
the Ly values are re-estimated. When the change in Lyyy
values becomes negligible, the iteration ends. Gould and
Arnone (1994) altered the approach by using estimates
of the diffuse attenuation to obtain the estimated Ly,
and significantly improved the usefulness of CZCS data
in clearer Case-2 waters. While these are the best ap-
proaches for CZCS, these iterations are based on in-water
optical properties which are limited by their dependence on
consistent spectral relationships between the bands. These
spectral relationships will vary with changes in the optical
constituents. In addition, use of the 670 nm band for at-
mospheric correction can produce unpredictable results as
Lw (670) can also become greater than the aerosol radiance
[L.(670)], making the result unreliable. The iteration fur-
ther depends on consistent spectral relationships between
the bands. These relationships can vary owing to changes
in the optical constituents.

Table 9. Water absorption at the SeaWiFS bands
(Curcio and Perry 1951, Palmer and Williams 1974,
Smith and Baker 1981, and Pope and Fry 1997).

Band | Wavelength | Bandwidth | Absorption
No. [nm)] [nm] [m~1]
1 412 20 0.00450
2 443 20 0.00700
3 490 20 0.01500
4 510 20 0.03250
5 555 20 0.06000
6 670 20 0.43000
7 765 40 2.50000
8 865 40 4.30000

With SeaWiFS, bands for atmospheric correction were
introduced in the NIR at 765 and 865nm (Table 9). The
absorption of water at these bands is sixfold and tenfold,
respectively, of the absorption at 665 nm, producing neg-
ligible water-leaving radiance in most Case-1 waters. In
addition, the two bands offer a means of deriving an atmos-
pheric model that adjusts for aerosol type by determining
€(Ais Aj) at each pixel, where € relates the aerosol radi-
ance at band A; to a reference band \; (Gordon and Wang
1994). In coastal waters having high concentrations of
scattering material, water-leaving radiance can still occur
in the NIR, an effect noted previously by researchers using
other sensors that had NIR bands [Moore (1980), Stumpf
and Tyler (1988), and Stumpf and Pennock (1989)].

The presence of water-leaving radiance in the NIR in-

troduces two sources of error into the removal of the aerosol.

First, the total aerosol is overestimated as some of the total
radiance (L;) at 865nm derives from the water. Second,
as the absorption of water changes from 765-865nm, the
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selection of the appropriate atmospheric model is affected,
causing an error in the extrapolation of the aerosol radi-
ance to the shorter wavelengths. As a result, the atmos-
pheric radiances will be overestimated at all bands with
increasing severity for shorter wavelengths, even leading
to negative radiances in the blue bands in coastal water.
This results in severe errors, if not complete failure, of var-
ious algorithms for C, and optical properties.

To solve this problem, iterative solutions were proposed.
Land and Haigh (1996) developed a solution for SeaWiFS
that involved modeling the water reflectance and atmos-
pheric aerosol at all wavelengths to convergence. They
attempted to solve simultaneously for both the ocean and
atmosphere at all wavelengths. While a promising solu-
tion, this attempt puts severe demands on the accuracy of
the bio-optical model.

For the Medium Resolution Imaging Spectrometer
(MERIS), Moore et al. (1999) developed an iteration based
on three NIR bands to estimate the NIR water radiance
based on the Gordon and Wang (1994) solution. This so-
lution is promising, but does not apply to SeaWiFS or
MODIS, both of which have fewer NIR bands.

Gould et al. (1998) proposed an iteration for SeaWiFS
that determined NIR scattering from 670nm scattering,
which is the basis for the scattering component presented
here. The solution addressed only the absorption by water.

Ruddick et al. (2000) developed a method that solves
for the aerosol radiance and Ly simultaneously in the NIR
to good results in highly scattering systems in the North
Sea. This method uses a single aerosol type (constant e
value) determined manually, which poses problems for au-
tomated processing.

Hu et al. (2000b) developed a technique to transfer the
€ value from the nearest clear water. While potentially
effective, it depends on the aerosol type remaining spatially
constant in the coastal zone, potentially over hundreds of
kilometers.

Siegel et al. (2000) developed an iterative technique
that presumed the backscatter to covary with C; and used
the Gordon and Wang model to solve for the NIR backscat-
ter. This model has been implemented by NASA, but is
most effective in Case-1 water or in water where sediment
covaries with C,.

The information presented in this chapter is a partially
coupled solution for SeaWiFS (and ultimately MODIS),
where the scattering problems of atmosphere and water
scattering in the NIR are coupled. A variation on this
model was implemented into the atmospheric correction
program within the processing software for the fourth re-
processing of the SeaWiFS data set (Chapt. 4).

9.2 METHODS

The development of an algorithm that couples to the
Gordon and Wang (1994) atmospheric correction involves
several components. The first involves identifying the nec-
essary change in the atmospheric correction. The second
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involves the theory and bio-optical models used to deter-
mine the water-leaving radiance Ly ();), and third is the
iterative process.

9.2.1 NIR Concept

Gordon and Wang (1994) (henceforth referred to as
GW094) describe the solution for L;(A):

Li(A) = Le(A) + [La(A) + Lea(A)] + t(A)Lw (X), (35)

where L;()) is the radiance at the top of the atmosphere,
L.()\) is the Rayleigh scattering radiance, L,(\) is the
aerosol scattering radiance, L.,(\) is the interaction be-
tween molecular and aerosol scattering radiance, t(\) is the
diffuse transmittance through the atmosphere, and Ly, (\)
is the water-leaving radiance. A basic assumption of the
GW94 atmospheric correction approach is that Ly (A,) is
negligible. This assumption allows for the selection of an
aerosol model using
Lo(A) + Lia(A) = Li(N\) — Le(A). (36)
If Ly (765) and Ly (865) are not negligible, the right
side of (36) is increased, introducing two different errors
in the determined aerosols. First, if Ly (865) is not neg-
ligible, then L,(865) + L,,(865) is overestimated. This
means that more aerosol is determined than is present,
resulting in overcorrection for aerosols at all bands, pro-
ducing Ly (A,) to be lower than is the case. Second, with
Ly (765) not negligible, the aerosol type will be in error.
The absorption by water at the SeaWiF'S bands varies (Ta-
ble 9), and at 765nm it is 57% of that at 865nm. As a
result, Ly (765) > Ly (865), and water-leaving radiance
that is interpreted as aerosol will have a high e value.
For the extreme case of an atmosphere with no aerosol,
water-leaving radiance at 765 and 865 nm would result in
€(765,865) ~ 2.2, almost double the highest value for a
true aerosol reported in GW94, and much higher than
€(765,865) ~ 1 observed for marine aerosols. The resul-
tant atmospheric model will lead to an overcorrection er-
ror where the overcorrection increases with shorter wave-
length. Where the water already has low reflectance in the
blue bands, such as in Case-2 water, the overcorrection
would produce negative Ly in blue bands. Accordingly, a
solution for ¢(A)Lw (A,) is needed.

9.2.2 Bio-Optical Models for NIR Iteration

Because of the strong absorption at the wavelengths
of interest the relationship of remote sensing reflectance
(Rys) to the inherent optical properties, backscatter (b)
and total absorption (atet) is reduced from the general form
(adapted from (4) in Gordon et al. 1988):

T'w bb(A)

Ris(A) = yQ()\) by(A) + atot(A)’

(37)

to the linear form

Tw bb()\)
Q0 @ (V)

where in (37) and (38), T, is the transmission and refrac-
tion loss at the air—water interface; and @ is the factor
E,/L,, where E, and L, are the upwelling irradiance and
radiance, respectively. The Q-factor is often assumed to
be 7, although the value is somewhat larger and variable.
The variable y is the I; value from Gordon et al. (1988)
times Q.

The linear form of (38) assures a stable iteration at
high reflectance, although (37) shows that R,s(A) should
approach (y[T,/Q(N)]) asymptotically without exceeding
it. Ruddick et al. (2000) also showed that the linear solu-
tion is an accurate estimator of the Gordon et al. (1988)
solution in the NIR.

The backscattering term (by), is the sum of by, from pure
water (bypy) and by, from particles (byp). The particle con-
centration and the scattering efficiency (size characteristics
and the index of refraction) influence spectral b,. Gould et
al. (1999) determined that the spectral shape of by, is linear
in coastal waters. The backscatter is sufficient to produce
measurable reflectance in the NIR part of the spectrum
(Ruddick et al. 2000 and Siegel et al. 2000).

For the iterative solutions, R, is estimated at the crit-
ical NIR wavelengths, A, from R,s from a reference band,
Aj, using a solution of (38):

Ris(N) ~ (38)

ot (A
Ris(\y) = Ruis(No) 2 (%) rob(Ary Aj),  (39)
atot( r)
where the backscatter relationship (rp) is
7
by ()
>\r7 Aj) = 5 40

and 7 is a constant. As by, >> byy, it is only necessary to
determine rp, rather than the actual backscatter. For the
two NIR bands, A, becomes A;, and A; is 670 nm.

Gould et al. (1999) concluded that the Petzold volume
scattering function, b, varied linearly with wavelength, and
by =~ 0.02b. Their result gives a spectral relationship for
backscatter in coastal waters:

by(A) = —0.00113\ + 1.62517, (41)
with 7 = 1 in (40). If no spectral dependence existed, then
either n =0 or By = 0.

The total absorption is

aor(N) = au(N) + ap(V) + ag(V),  (42)
where a,,, aph, and aqe are the coefficients of absorption
due to water, phytoplankton, and dissolved or detritus
matter, respectively. For the 670 nm band, all three terms
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are determined; for the 765 and 865 nm bands, apn and aqg
are presumed to be negligible.

The a,, term is determined from tabulated values from
Palmer and Williams (1974) and Pope and Fry (1997), with
additional data from Curcio and Petty (1951) and Smith
and Baker (1981). The apy, term is found using data from
Morel and Gentili (1991) with tuning of apn(440) to the
SeaBAM data set (O’Reilly et al. 1998, and Maritorena
and O’Reilly 2000):

apn(440) = 0.08(C,)"%. (43)
Using Bricaud et al. (1998), and Lee et al. (1998) apy is
obtained:

CLph(A) = Qph (440) [Ao()\) + A1(>\) In aph(440)]. (44)
While app, is determined everywhere; for C, < 1pgL™!, it
becomes negligible as apn/a., < 0.05.

In coastal waters such as river plumes, detrital and
gelbstoff absorption can be significant. Absorption at
400nm of 1-20m~!, corresponds to an absorption at
670 nm of 0.04-0.7m~!, which is greater than aqg(400) in
some Case-1 waters. An analysis of field data has shown
that the aqg value may be approximated by using the 555
and 670 nm bands. For coastal waters, which includes wa-
ters having extremely high aq, values, the extreme absorp-
tion in the blue eliminates the information content of the
412 and 443nm bands for determining aqg(412) (Carder
et al. 1999). As a result, a semi-analytical solution is em-
ployed using the 555 and 670 nm bands, using the ratio of
R,s(555) and R,s(670), where

a4g(670) = 0.147 — 0.18X, (45)

when
R.(555) — R.(670)

Rys(555)

The coefficients in (44) were determined by fitting X to
derived aqs (Fig. 33). The effectiveness of this method
is shown from field data where it is dominated by aqq
(Fig. 34). For areas offshore, a4g(670) is negligible. An ad-
ditional analysis compared estimated R,(412) [using (41)-
(46) in (38)] to observed R,5(412), including water with
extremely high dissolved absorption. The solution uses
adg(412) = aqg(670) exp[0.013(670 — 412)]. The compar-
ison shows the ability to estimate aqg(670) is meaningful
even when using it to extrapolate to 412nm (Fig. 35).

X = (46)

9.2.2.1 NIR Iteration Application

In the SeaWiF'S processing, (39) was implemented us-
ing an iterative computation of Ly (765) and Ly (865).
The procedure is based on the original SeaWiFS process-
ing code using the GW94 atmospheric model. The goal is
to remove the Ly (A,) component from L;(\,.), so that only
the atmospheric component of L:(\,) is input into GW94.
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The iteration first uses Li(\,) as input to GW94 in order
to solve for Ly (670), as would be done in any nonitera-
tive method. Then, Ly (670) is used through the model
described in (39) to determine Ly (A,) [i-e., Ly (765) and
Ly (865)]. These are propagated to the top of the atmos-
phere (correcting Ly for the direct transmittance T(A) de-
termined from the GW94 atmospheric model). This TOA
Ly () is removed from L;(A,) which is then input into
the GW94 computation.

O-iteration:
Li(\,) is input into GW94, whose output goes into Rys(Ay),
where (\,) are the visible wavelengths; R.(670) is input
into (39), whose output R,s(A;) is
Lt()\r)l = Lt(/\r) - T(/\T) RrS()‘T)O FOO‘T)' (47)
1-iteration:
Li(A\;)1 is input into GW94, the output of which goes
into Rys(Ay)1; Rrs(670); is input into (39), whose output
Rrs()\r)l 1S
Li(A)2 = Li(\)1 — T(A) Res(A)1 Eo(An). (48)
If AR(765) = Rys(Nir)1 — Res(Air)o > 1072 st~ then con-
tinue the iteration; else stop the iteration.

The iteration is not performed if the initial R,(765) <
5 x 10~%sr~! or if Ly (670) < 0, and the iteration stops
when AR,s(765) (the change between iterations) is less
than 10~%sr— 1.

The minimum threshold to initiate iteration constrains
the solution to water having a significant scattering sig-
nal. Even in oligotrophic Case-1 water, such as the Loop
Current in the Gulf of Mexico, SeaWiF'S has sufficient sen-
sitivity that two iterations could be performed if some con-
straint were not applied. The process is run for up to eight
iterations; although convergence is generally achieved in
two iterations, and rarely takes more than four.

The atmospheric error tends to cause a greater error
at shorter wavelengths, which has a potential impact on
the iterative solution. The underestimate results in the C,
and apn being overestimated. To prevent overestimation
of a4 (670) and the resultant overcorrection, the C, con-
centrations in the computation are limited on the first two
iterations. The C, value is not allowed to be greater than
10 ugL~! as an input to the computation of the first iter-
ation, and not greater than 20 ugL~! in the computation
of the second iteration. (The C, product is not limited in
any way.) If Ly (555) < 0 during any iteration, then only
a,,(670) is used in the computation of a0 (670), as nei-
ther apn(670) nor aqe(670) is determined. In most areas,
C, and detrital-gelbstoff absorption are not as critical as
water absorption in determining aot(670). In some estu-
aries and river plumes, detrital and dissolved absorption
produce a significant effect.
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Fig. 33. Comparison of X = [Rs(555) — Rys(670)]/Rys(555) to aqg(555) derived from spectral model. The
labels indicate locations of field data: P=Pamlico, T=Tampa Bay, A=Alabama shelf, F=Florida Bay, S=South
Atlantic Bight, G= Gulf of Mexico, H=North Carolina shelf; the best fit to this solution is (45). The derived
agg came from the total absorption, (38), less the phytoplankton absorption, (44).
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computation applies at these sites and aq, produces over 90% of the total absorption at these bands. The
derived total absorption (asot) used Rys with (44) and (45).
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set developed as part of this study. The SeaBAM tuning was applied here. The boxes are samples that did
not have a 670 nm value, so the coastal aq; could not be used. The letters denoting locations are the same as
in Fig. 33. The estimate accounts for 83% of the variance in the measured R,(412).

The iterative solutions were implemented in the Sea-
WIiF'S Data Analysis System (SeaDAS) version 4 and were
applied to pixels containing the station taken within one
day of the sample. The standard calibration was applied.
The C, value was found using version 2 of the Ocean
Chlorophyll (OC2) algorithm (Maritorena and O’Reilly
2000).

9.3 RESULTS

SeaWiFS imagery was processed using the iterative
technique for the northern Gulf of Mexico, South Atlantic
Bight, and the East Coast. In the coastal zone of the Gulf
of Mexico, scattering due to suspended particulate mat-
ter is significant, as well as absorption from dissolved and
detrital materials.

The NIR iteration produces a substantial decrease in
the correlation of L,(865) with Ly (670) (Figs. 36 and
37). Without the NIR iteration, a strong correlation ex-
ists between aerosol radiance and water-leaving radiance
[the smallest values of L,(865) for each L,(670)]. For pix-
els with the lowest aerosol, L,(865) increased at about
0.07Ly (670) with a noniterative process. After the it-
eration, most of the correlation has been removed, with
L,(865) showing a negligible change for Ly (670) <
L5mW em ™2 um st~ (or Rys(670) < 0.0096sr~1). The
L.(865) value shows a weak correlation for greater
Lw (670), with L,(865) changing at approximately 0.015 x
Ly (670). These areas are among the highest scattering
found, including the core Mississippi River plume and Flor-
ida Bay during major resuspension events (of calcium car-
bonate sediments). The linearization of the relationship of
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R, to the optical properties (b and a) in (39) produces
a negligible effect for low R,s(670). Ruddick et al. (2000)
noted that for the ratio of NIR reflectances, the linearized
form produced only small errors.

A comparison of the iterative and noniterative method
shows that the iterative techniques increase reflectance at
shorter wavelengths (Fig. 38). The noniterative and Siegel
process produces a strong spectrally dependent bias against
field measurements (Fig. 39), while the NIR iteration re-
duces both the bias and the RMS error against the mea-
sured data (Figs. 39 and 40). With the reduction in the
spectral component of the bias, the calculated C, value
from SeaWiFS becomes more consistent with that calcu-
lated from field radiometry (Fig. 41).

In order to prevent iteration from occurring unneces-
sarily in extremely clear waters, iteration does not take
place if R(765) > 5 x 1075. This suggests that some NIR
water-leaving radiance may be present in most Case-1 wa-
ter (Siegel et al. 2000). The iteration is based on the spec-
tral characteristic of backscatter by inorganic sediments.
In Case-1 water (which does not have inorganic scatter-
ing), the spectral backscatter relationship, run(\.,670),
will be influenced by phytoplankton and may differ from
that used here. Phytoplankton tends to produce much
less backscatter than inorganic particles, so the errors in
using a sediment-based rpp, (A, 670) may be small, even
though phytoplankton does produce some NIR scattering
(Siegel et al. 2000). The potential for error, however, in
high chlorophyll Case-1 waters should be examined.

The NIR iteration does not remove all negative ra-
diances, indicating that other factors, probably absorb-
ing aerosols, are also involved in this error (Figs. 39 and
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Fig. 36. Comparison of L,(865) with a Ly (670) with a standard noniterative process indicating correlation
of presumed aerosol with water-leaving radiance (in units of mW ecm=2 pm~1!sr=1).
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Fig. 37. Comparison of L,(865) with the NIR iteration, compare with Fig. 38 to show the decrease in
correlation between the presumed aerosol and water-leaving radiance (in units of mW em™2 pm=!sr=1).
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40). By improving the aerosol model selection, however,
the algorithm results in less error, particularly at shorter
wavelengths. As expected, once the scattering effect was
removed, the calculated C, from the OC2 algorithm de-
creased. The NIR iteration produces a substantial de-
crease in C, value in coastal waters. The C, algorithm
is based on the ratio, R.s(490)/R,s(555), and the errors
reduce Rys(490) relative to R,s(555). Removing the scat-
tering effect removes this error, bringing the C, value to
reasonable levels.

9.4 CONCLUSIONS

This chapter has described an atmospheric correction
procedure that will extend SeaWiFS products into the
coastal regions. This procedure provides an improved
method of estimating the water-leaving radiance and re-

mote sensing reflectance in turbid coastal waters. This
procedure is partially coupled with the Gordon and Wang
solution for scattering and molecular absorption and is
based on semi-analytic solutions to the spectral behavior
of the remote sensing reflectance of the water. This inter-
ation presumed a fixed spectral shape of the backscatter,
Tbb (A, 670). In water that is dominated by chlorophyll,
this shape may change somewhat.

The full correction described here improves the accu-
racy of retrieval of remote sensing reflectance, which in-
herently reduces the number of pixels with unacceptably
low reflectances. It will further permit extension of image
products into bays and estuaries, however, it will not elim-
inate all negative radiance. Areas of highly turbid coastal
water that produce negative radiances at 555 nm will re-
quire additional algorithms to achieve a valid atmospheric
correction.
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GLOSSARY

Attitude Control System
Aerosol Optical Thickness

Bermuda BioOptics Project

Calibration and Validation Team
Coastal Zone Color Scanner

Distributed Active Archive Center
Earth Topography 2 min grid
Earth Topography 5 min grid

Global Area Coverage (SeaWiFS 1km resolu-
tion, subsampled to 4 km)

Global Positioning System

Goddard Space Flight Center

High Resolution Picture Transmission

Local Area Coverage (SeaWiFS 1km resolu-
tion)

MERIS Medium Resolution Imaging Spectrometer
MOBY Marine Optical Buoy
MODIS Moderate Resolution Imaging Spectroradio-
meter
NASA National Aeronautics and Space Administra-
tion
NDVI Normalized Difference Vegetation Index
NEC Northeast US Coastal Ecosystem
NIR Near-Infrared
NIST National Institute of Standards and Technol-
ogy
OCTS Ocean Color and Temperature Scanner
OrbView-2 Not an acronym, but the current name for the
SeaStar satellite.
PAR Photosynthetically Available Radiation
QC Quality Control
RMA Reduced Major Axis
RMS Root Mean Squared
ROLO Robotic Lunar Observatory
RSR Relative Spectral Response
SBRS Santa Barbara Research Systems
SeaDAS SeaWiFS Data Analysis System
SeaWiFS Sea-viewing Wide Field-of-view Sensor
SIMBIOS Sensor Intercomparison and Merger for Bio-
logical and Interdisciplinary Oceanic Studies
SIRCUS Spectral Irradiance and Radiance Responsi-
tivity Calibrations Using Uniform Standards
TOA Top of the Atmosphere
USGS United States Geological Survey
UTC Coordinated Universal Time
SYMBOLS
ap Coefficient of the lunar calibration function of time.
a1 Coefficient of the lunar calibration function of time.
az Coefficient of the lunar calibration function of time.
adqg Absorption coeflicient for detritus and gelbstoff.
aoz Ozone absorption coefficient.
ap Absorption coefficient for particles.

Aph
Atot

bWV

CD Z

Lo(A, i)

Absorption coefficient for phytoplankton.

Total absorption coefficient, the sum of aqg, ap, and
Qo -

Absorption coefficient for water.

Cloud—surface system albedo.

Albedo of the ocean surface.

Scattering function.

Backscatter coefficient.
Particulate backscatter coefficient.
Pure water backscatter coefficient.

Chlorophyll @ concentration.
Ozone concentration.

Distance of aerosol model.

Solar flux at the top of the atmosphere.

Solar flux that would reach the surface if the cloud—
surface system were nonreflecting and nonabsorb-
ing.

Solar flux reaching the ocean surface.

Estimate of daily PAR.

Upwelling radiance.

Mean extraterrestrial solar irradiance.

Lunar calibration function of time.

Detector temperature correction.

Bidirectional reflectance at the water’s surface.
Dependence of the cloud—surface system albedo on
solar zenith angle.

Solar irradiance.

Gain for a given band.

An index variable for either a given pixel, band, or
number of iterations.
Centered pixel .

An index variable for a given band.

SeaWiF'S aerosol model indicator.
Detector temperature correction factor.
Diffuse attenuation coefficient at 490 nm.

SeaWiF'S aerosol model indicator.

The Lwy values for MOBY.

The Ly values for SeaWiFS.

L(As) averaged over the 5x5 pixel subscene and this
average value is divided by L(A).

Aerosol path radiance, including Rayleigh-aerosol
interaction for wavelength A at location 1.

The computed aerosol path radiance, including
Rayleigh-aerosol interaction for wavelength A at lo-
cation ¢.

Rayleigh path radiance for wavelength A at location
i.
Interaction between molecular and aerosal scatter-
ing radiance.

Radiance at the top of the atmosphere.

Observed TOA radiance for wavelength A\ at loca-
tion 4.

Upwelling radiance.

Water-leaving radiance.

Normalized water-leaving radiance at wavelength A.
Normalized water-leaving radiance in the NIR part
of the spectrum.

Corrected normalized water-leaving radiance.
Normalized water-leaving radiance, just below the
sea surface.

Normalized water-leaving radiance, just above the
sea surface.
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AM
Ar

As/m
Ay

Pa
patm

Ps
Pt
Pt

~

Ta
Tm

Wa
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Refractive index of the water.
Number of matchups.

Aerosol phase function.

Molecular phase function.

Percent frequency of pixels with negative water-
leaving radiances.

The factor Ey/Ly.

Backscatter relationship.
Coefficient of determination.
Remote-sensing reflectance at wavelength .

Spherical albedo.

Time.

Diffuse transmittance.

Clear sky total (diffuse + direct) transmittance.
Fresnel transmittance of the air—sea interface.
Gaseous transmittance.

White-cap radiance, transmitted to the TOA for
wavelength A at location .

Oxygen transmittance for wavelength A at location
i.

Gaseous transmittance due to ozone.

Ozone transmittance for wavelength A at location i.
Gaseous transmittance due to water vapor.
Reference time for lunar calibration time series.
Detector temperature.

Direct transmittance.

Clear sky direct transmittance.

Detector reference temperature.

Transmission and refraction loss at the air—water
interface.

See (46).
The [; value from Gordon et al. (1988) times Q.
Angstrom coefficient.

Single-scattering aerosol reflectance ratio.
Multiscattering equivalent of e.

Constant.

Sensor zenith angle.
Solar zenith angle.
Viewing zenith angle.

Wavelength.

; Nominal wavelength for band 1.

Radiance ratio of band ¢ to band j.

Reference band wavelength.

The Lwn values for MOBY.

The NIR part of the spectrum.

The Lwn values for SeaWiFS.

Mean of the SeaWiFS and MOBY Lwn values.
Wayvelength in the visible part of the spectrum.

Aerosol path reflectance at wavelength .
Reflectance due to scattering by molecules and
aerosols in the atmosphere.

Reflectance of the cloud—surface layer.

Reflectance at the top of the atmosphere.
Corrected p; for gaseous absorption due to ozone.

Aerosol optical thickness.
Optical thickness of molecules.

Single scattering albedo of aerosols.
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